Rare decay modes of the newly discovered standard-model-like Higgs boson h may test the flavor changing couplings in the leptoquark sector through the process h → τ ∓ µ ± . Motived by the recently reported excess in LHC data from the CMS detector, we found that a predicted branching fraction Br(h → τ ∓ µ ± ) at the level of 1% is possible even though the coupling parameters are subjected to the stringent constraint from the null observation of τ → µγ, where the destructive cancellation among amplitudes is achievable by fine tuning.
I. INTRODUCTION
The newly discovered Higgs boson h at the mass 125 GeV is consistent with the Higgs boson predicted in the standard model (SM) [1] . The narrow decay width of a predicted size about 4 MeV in SM provides hope that the unusual rare decay due to new physics (NP) can have a measurable branching fraction. Recently, the CMS collaboration has reported [2] a possible excess in the decay process h → τ ∓ µ ± with a significance of 2.4 σ in the search for the lepton flavor violation (LFV). Assuming SM Higgs production, CMS obtained the best fit for the branching fraction summed over τ − µ + and τ + µ − , Br(h → τ ∓ µ ± ) = 0.84
+0.39
−0.37 % .
We understand that it is too early to draw a positive inference until future analyses of higher statistics from both CMS and ATLAS experiments are performed. However, the present sensitivity at the 1% level is interesting enough to call for possible NP to deliver such a detectable rate but satisfy other rare decay constraints such as τ → µγ,
Br(τ → µγ) < 4.4 × 10 −8 at 90% C.L. from BaBar experiment [3] (2) at low energy. Indeed, there are a lot of theoretical activities [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] along this line of investigation. There were also a number of studies on LFV Higgs boson decays in literature [23] .
We are particularly motivated by the leptoquark (LQ) associated with the third generation, which provides a large top quark mass insertion in the loop diagram. However, the LQ interactions also give rise to amplitudes for τ → µγ. We notice that the cancellation between two types of LQ contributions is possible for τ → µγ, leaving a large detectable decay rate for h → τ ∓ µ ± . Each of these two types of LQs has been outlined in the literature, such as in Ref. [4] , but the combined version necessary for the cancellation was overlooked.
The organization of the work is as follows. In the next section, we describe the LQ interactions associated with the top quark and tau lepton. In Sec. III and IV, we calculate the decay τ → µγ and h → τ ∓ µ ± , respectively. We give details on numerical results in Sec.
V. We conclude in Sec. VI. 
II. LEPTOQUARK INTERACTIONS ASSOCIATED WITH THE TOP QUARK
We associate the new LQs with the top quark of the third generation in order to avoid the very stringent constraints upon the flavor non-conservation among the first two generations.
On the other hand, the mass insertion of the top quark can enhance the rate of the rare LFV Higgs decay mode among the second and the third generation leptons. To satisfy the electroweak gauge symmetry, we can classify two types of LQs, the first one χ 
The Feynman diagrams (for τ → µγ) that involve these LQ interactions are shown in Fig. 1 .
The shown symbol, basically iσ 2 , links two SU (2) doublets into a gauge invariant singlet.
For brevity, we do not show other Levi-Civita symbols that contract Weyl spinor indexes.
The terms from exchanging τ ↔ µ are needed to induce the LFV between the muon and the tau.
III. τ → µγ AMPLITUDES INDUCED BY LEPTOQUARKS
We start with the contributions from the singlet χ. We define t c to be the charge conjugated state of t. In this way, we can avoid the use of the unfamiliar Feynman rule for two fermions flowing into a vertex. Instead, one fermion flows in and the other out. For example, the incoming τ enters the first vertex and turns into a departing t c plus a boson
. The relevant vertices for the process τ → µγ are
For the outgoing left-handed muon, the Feynman amplitude that the external photon line attaches to the t c line is given by
where R stands for the right-handed chiral projection operator (1 + γ 5 )/2. It is understood that the external spinors u(µ) and u(τ ) sandwich the Dirac chain. We keep track of the color factor 3 by a subscript c. Another amplitude where the photon attaches to χ
We set charges q t c = − 2 3
and q
The numerator of the integral becomes
. The overall result is
and
So the amplitude is related to the integral function,
Our result is different from that in Ref. [4] . Note that there is another chiral amplitude for the outgoing right-handed muon, using g
These two amplitudes do not interfere in the zero muon mass limit. Now we switch to the contributions from the LQ doublet Ω. The relevant vertices for the
For the outgoing left-handed muon,
This corresponds to the diagram that the external photon line attaches to the t line. Another amplitude where the photon attaches to Ω
We set charges q t = 2 3
The numerator of the integral becomes z 2 − 5z 3
Note that there is another chiral amplitude for the outgoing right-handed muon, using g τ L g µ R . In general, the low energy effective operators of dim 5 are
The partial decay width of the process τ → µγ is
The general loop formulas for the radiative transitions can be found in Ref. [24] IV. h → τ +μ VIA LEPTOQUARKS OF THE 3RD GENERATION For the rare decay h → τ µ, we start with the contribution from the SU (2) singlet leptoquark χ − 1 3 to the chiral amplitude of the outgoing right-handed τ . We take the zero mass limit for µ and τ . At the one loop level, the Higgs coupling to τ (p 1 )μ(p 2 ) is induced via a triangle diagram, which involves internal t c , χ lines. First, we concentrate at the diagram that the external Higgs touches the internal t c line, as shown in Fig. 2 .
We use the Feynman parameterization trick to carry over the integration. The parameters α, β, γ are assigned to the denominator factors (
respectively, under the constraint α + β + γ = 1. Then we complete the square of the denominator as follows,
Shifting the loop momentum, we simplify the numerator of the the Dirac matrices with the equation of motion,
Here the s variable is simply 2p
The domain L \ covers positive α and β, as well as α + β ≤ 1.
We perform the Wick's rotation by Euclideanizing
The logarithmic divergence has to be canceled by the one-particle reducible (1PR) diagrams with bubbles in the external lepton lines. The h line is either attached directly to τ or µ,
picking up respectively the mass couplings m τ or m µ , which are canceled by the propagators.
It can be shown the corresponding 1PR contribution to be
Overall, log Λ 2 terms cancel. Therefore the combined amplitude is
dγ . (27) Note that in the intermediate step, we can choose an arbitrary Λ for the convenience of the calculation.
Alternatively, one can use the Passarino-Veltman [25] (PV) functions. The integral before the Feynman's parameterization as given in (21) is
The first term simply gives the triangle function
The second term after shifting the loop momentum gives the bubble function
The result including the 1PR bubbles is
We have cross-checked numerically that the G value from PV functions and from the Feynman parameterization method match each other.
For the Feynman diagram that the Higgs touches the leptoquark, the required vertex originates from the bosonic interaction of −λ χ H † Hχ † χ. The G coefficient is updated with the new addition,
When we come to the contribution from the SU (2) doublet leptoquark Ω, it is easy to see the simple translation,
Here m Ω is the mass of the 5 3 charged leptoquark. More explicitly,
The partial decay width, summing both processes
To suppress the highly constrained τ → µγ, we tune the cancellation
We choose a simplified scenario that only one chiral mode of the muon interactions is im-
, then we only finely tune the corresponding one constraint, i.e. the first of the two. The ratio of the couplings g
is given in Fig. 3 for the tuned cancellation in τ → µγ. The contour plot demonstrates that a large parameter space remains available for the required fine-tuning. Reference [4] also proposed a mechanism of cancellation in the amplitude of τ → µγ with the help of an additional vectorial top-like quark. However, the detailed gauge quantum numbers of the added structure have not been shown to be feasible.
So far, we have set λ χ,Ω = 0. We show in Fig. 6 the branching ratio Br(h → τ ∓ µ ± ) for gives additional freedom to achieve the desirable branching ratio for the rare Higgs decay.
VI. CONCLUDING REMARKS
The rare decay of h → τ ∓ µ ± can be at the current reachable sensitivity through the LFV LQ interactions, however fine-tuning is needed to avoid the stringent constraint from the null observation of τ → µγ. Here we have invoked more than one LQs, which couple to the third generation quarks, and the second and third generation leptons, in order to achieve a cancellation in τ → µγ but sizable contributions to h → τ ∓ µ ± .
There is another issue related to possible contributions of these LQs to the muon anomalous magnetic moments (aka g − 2). It was shown a long time ago [26] and more recently [27] that if we choose, as we have chosen in the above analysis, the left-handed coupling to be much larger than the right-handed coupling for the muon, i.e. g The required leptoquarks χ and Ω can be strongly produced at the high energy and high luminosity hadron colliders. They have dominant decay channels into the top quark and the charged lepton τ or µ. That is a very identifiable signature. Both ATLAS [29] and CMS [28, 30] collaborations have searched for the third generation leptoquarks via pair production by strong interaction. The CMS have searched for the third generation LQ with electric charged −1/3 (similar to the χ −1/3 of this work) decaying to a top quark and a tau lepton. They put a limit of 685 GeV at 95% CL on m χ [28] . On the other hand, both ATLAS [29] and CMS [30] searched for the third generation LQ with electric charge −2/3 decaying into ab antiquark and a tau lepton (similar to Ω −2/3 in this work), and put a limit of 534 and 740 GeV, respectively.
Therefore, there are still plenty of mass ranges for χ −1/3 beyond 685 GeV and for Ω −2/3,−5/3 beyond 740 GeV that one can directly search for a top or bottom quark with a tau or muon at the Run 2 of LHC-13. 
